A nearly 20-year hiatus in major seismic activity in southern California ended on 4 July 2019 with a sequence of intersecting earthquakes near the city of Ridgecrest, California. This sequence included a foreshock with a moment magnitude (M w ) of 6.4 followed by a M w 7.1 mainshock nearly 34 hours later. Geodetic, seismic, and seismicity data provided an integrative view of this sequence, which ruptured an unmapped multiscale network of interlaced orthogonal faults. This complex fault geometry persists over the entire seismogenic depth range. The rupture of the mainshock terminated only a few kilometers from the major regional Garlock fault, triggering shallow creep and a substantial earthquake swarm. The repeated occurrence of multifault ruptures, as revealed by modern instrumentation and analysis techniques, poses a formidable challenge in quantifying regional seismic hazards.
O ver the past three decades, an increasing number of well-documented earthquakes have ruptured multiple faults (1) (2) (3) (4) (5) , highlighting the importance of incorporating this geometric complexity into models of seismic hazard. On 4 July 2019, a sequence of damaging earthquakes began near the city of Ridgecrest, California, and activated a complex fault network, further illustrating the need to understand how multiple faults can rupture in a single earthquake.
The Ridgecrest sequence included a foreshock with a moment magnitude (M w ) of 6.4 followed by an M w 7.1 mainshock nearly 34 hours later (Fig. 1) . These dominantly strike-slip earthquakes occurred on largely unmapped faults that cumulatively extend more than 75 km in length. Shaking from these events was felt throughout portions of California, Nevada, and even Arizona. Damage was primarily concentrated in the towns of Ridgecrest and Trona. The severity of damage was limited, as the area is sparsely populated. However, substantial portions of the ruptures occurred within the boundaries of the Naval Air Weapons Station at China Lake and caused major damage to facilities there.
Seismic activity occurred within the Little Lake fault zone (LLFZ) and nearby Airport Lake fault zone, both of which have a long history of activity ( Fig. 1) , including multiple sequences with M w of >5 between 1982 and 1996 (6) . The LLFZ is accumulating right-lateral strain of about 1 mm/year (7) and is bounded to the southeast by the Garlock fault, a 260-km-long left-lateral strike-slip fault capable of producing M w~7 .8 earthquakes (8) . The Coso geothermal area abuts the LLFZ to the northwest and is the site of one of the largest geothermal power plants in the United States. Numerous earthquake swarms have occurred in this area (9) . To the northwest of Coso is the southern terminus of the 1872 M w 7.5 Owens Valley earthquake (10) ( Fig. 1 ), which is among the largest historical earthquakes in California and was responsible for 27 deaths.
In the time since the last major earthquake in California, the quality of seismic and geodetic data available has improved substantially. The Southern California Seismic Network has nearly doubled in size, Global Positioning System (GPS) stations have been installed throughout the region, and interferometric synthetic aperture radar (InSAR) data are available at unprecedented levels of quality with shorter times between acquisitions. Here, we analyze these datasets with state-of-the-art techniques, including a high-resolution seismicity catalog derived from template matching, detailed multifault inversions of geodetic data with nonplanar geometry, and subevent modeling of the largest events in the sequence. The observations indicate that the Ridgecrest sequence ruptured an astonishingly complex network of intertwined orthogonal faults operating over a broad range of length scales. They also show that the Garlock fault experienced shallow triggered postseismic creep and a large earthquake swarm; the role this major tectonic structure plays in limiting the southern extent of faulting and seismicity is yet to be understood.
The 2019 Ridgecrest sequence
The Ridgecrest mainshock was preceded by a prominent foreshock sequence that began with numerous events of local magnitude (M L )~0 (Fig. 1 ). The seismicity rates escalated rapidly, with an M w 4 event 2 hours later and an M w 6.4 earthquake shortly thereafter. Over the first 21 days of the sequence, more than 111,000 earthquakes with M of >0.5 occurred, including 70 events with an M of >4.
To resolve the geometry of the fault zone that ruptured during the Ridgecrest sequence, we produced a comprehensive relocated seismicity catalog with template matching that had nominal relative resolution of~100 m horizontally and 350 m vertically (11) (Fig. 2 ). We paired this catalog with a damage proxy map (DPM) (11) ( Fig. 3 ), extracted from satellite InSAR coherence data, that identifies regions where radar-scattering properties of the ground have changed substantially relative to their inherent background rates of change (12) . The fault zone exhibits pervasive orthogonal faulting over multiple length scales with notable geometric complexity ( Figs. 2 and 3 ). The largest scale is for a roughly 55-km-long northwest-striking structure with an undulating geometry that is orthogonally cross-cut by a~15-km-long fault. The larger of these was the primary structure that ruptured during the M w 7.1 earthquake, while the smaller structure was the largest that ruptured during the M w 6.4 event ( Fig. 3 ).
Around the northwest rupture terminus, the main fault dips steeply to the southwest before transitioning to a northeast dip of roughly 70°o n the segment of the fault southeast of the M w 7.1 hypocenter. Toward the southeast part of the rupture, the largest fault bifurcates into two subparallel strands that are separated by 7 km and that continue for about 12 km each ( Figs. 2 and 3 ). Near the main intersection of the M w 7.1 and M w 6.4 ruptures, there are at least 20 orthogonal faults that appear as lineations in the seismicity and features in the DPM. The lineations often localize to a width of roughly 100 to 200 m, which is comparable to the uncertainty of the hypocenter locations (11) . The general absence of orthogonal faulting in the northwest section of the rupture may indicate that this part of the fault zone is slightly further along in the evolutionary process. Numerous horsetail structures are oriented at an oblique angle to the main rupture trace at the northwest rupture terminus.
Nearly all of the geometric features described are present in the seismicity as well as the InSAR surface deformation, indicating that they are representative of the fault structure over the entire seismogenic zone. As defined by seismicity, the bottom of the seismogenic zone lies around 10 km at its deepest extent, with the maximum depth slowly decreasing to about 5 km toward the southeast (Fig. 2) . Such a shallow seismogenic zone is also present in the Salton Trough region of California and is often attributed to the elevated heat flow (13); similar heat flow anomalies exist near the Ridgecrest sequence (14) and may control the boundaries of the brittle-ductile transition zone.
On the basis of kinematic subevent inversion of seismograms from the dense regional seismic network and global seismic stations, the M w 6.4 earthquake had a duration of about 12 s, with three subevents best explaining the data (Fig. 4 ). These three subevents coincide with at least three faults. The 6-km-long northwesttrending fault slipped first, with an equivalent M w 6.1 (subevent E1). This is consistent with the hypocenter of this event, which is located about 2 km northwest of the long southwest trending fault. Thus, a rupture propagated over a short southwest-trending fault with only about 5 km of surface break, yet the equivalent magnitude for this segment, was the M w 6.2 subevent (E2). Our analysis of this subevent indicates that it is required by the data and that the magnitude is well resolved (figs. S1 to S4). However, this subevent may also include slip on an adjacent northwest-trending orthogonal fault. Because the seismicity on the E2 segment extends across the main fault of the mainshock ( Fig. 2) , part of the slip probably occurred on the other side, but only at depth. The rupture then jumped to a larger southwest-trending fault that is about 15 km long, producing again an equivalent seismic moment to an M w 6.2 earthquake (E3) and a large surface rupture.
Additional insights into the rupture process of the M w 6.4 earthquake are given by a joint inversion of the geodetic data spanning both events and constraints provided by the relocated seismicity ( Fig. 5 and fig. S10 ). On the faults closest to the three kinematic subevents, there is appreciable slip in our model. This event nucleated at the intersection between two faults trending northwest and southwest (Fig. 5 ). The 15-km-long southwest-oriented left-lateral fault that aligns with subevent E3 (Fig. 4 ) produced a maximum of about 5 m slip. The large slip patches on these faults are coincident with regions of decreased aftershock density (fig. S10).
Our kinematic subevent model of the M w 7.1 mainshock shows that the rupture lasted for about 22 s and can be explained by four subevents (Fig. 4 ). The initial 5 s of the rupture had little moment, whereas the subevent with the largest moment (subevent E1, M w 6.9) occurred close to the hypocenter between 5 and 10 s. This subevent appears to have ruptured bilaterally, given its large seismic moment. Centroid locations of the later subevents propagated very slowly to the southeast, suggesting a unilateral rupture. The final subevent, E4 (at 20 s), occurred~25 km southeast of the first subevent E1 (at 7 s), indicating a slow average rupture velocity of roughly 2 km/s. The M w 7.1 earthquake nucleated about 10 km to the northwest of the M w 6.4 event and ruptured a fault network with a cumulative length of about 65 km. Most of the slip occurred near the hypocenter (Fig. 5) , where an~30-km-long patch produced a maximum of about 9 m slip at the scales resolved by our model. This part of the rupture is notably deficient in aftershocks relative to the rest of the rupture (fig.  S10 ), a feature that is common to large slip regions of many other earthquakes (15) . Slip in the model has a maximum depth that is close to that of the seismicity (~10 km). We found that both strands of the bifurcation ruptured for about 12 km, terminating less than 5 km from the Garlock fault. These observations agree with the extent of seismicity. There is evidence from the seismicity for one or more additional subparallel faults on the southwest side of these two (Fig. 2) .
The faults that ruptured during the M w 7.1 event appear to be distinct from those that produced the M w 6.4 event, which likely indicates that no fault ruptured the same area twice. The initial portion of the M w 6.4 rupture propagated to the northwest about 6 km and terminated about 4 km from the eventual M w 7.1 hypocenter ( Fig. 4 and fig. S7 ). This 4-km gap was progressively filled by a series of moderatesized earthquakes in the 34 hours after the M w 6.4 event, which suggests that this portion of the fault acted as a barrier through which the M w 6.4 rupture was unable to propagate ( Fig.  4 and fig. S7 ). However, from the DPM (Fig.  3B) , it is clear that this 4-km-long segment did rupture the surface at some point during the sequence, which most likely occurred during the M w 7.1 event. The M w 7.1 event appears to have been triggered because steady seismic activity eroded away this barrier. Furthermore, from our modeling of the source process of the M w 6.4 event, this foreshock either jumped across the primary fault that failed during the M w 7.1 event or ruptured through it in an orthogonal direction, yet it was somehow unable to trigger this large fault at that time. Instead, the M w 7.1 event nucleated more than 10 km away from this intersection after being weakened by a series of M w >4 earthquakes over 34 hours. The dynamic rupture conditions that could allow for such a scenario are not clear.
In addition to direct aftershocks that occurred in the LLFZ, the Ridgecrest sequence initiated three sizable earthquake swarms. One swarm was activated on the Garlock fault by the M w 6.4 event and locates in a pull-apart structure about 50 km southwest of the Ridgecrest sequence ( fig. S9 ). More than 4000 events with an M of >0 occurred in this swarm during the first 3 weeks, the largest of which was M L 3.2 ( fig. S9 ). This area has seen only minor seismic activity over the past several decades. Another swarm began north of the Coso geothermal field (Fig. 1) , where similar behavior was observed following the Landers earthquake (16), with a 15-km gap over the geothermal production area (17) . A third swarm was triggered in Panamint Valley. On the section of the Garlock fault south of the rupture terminus of the Ridgecrest main-shock, InSAR data reveal an~30-km zone of left-lateral, triggered, shallow creep (Fig. 6 ). The largest surface offset is around 20 mm of relative motion in the satellite line-of-sight direction, directly on the bearing of the M w 7.1 rupture. The narrow extent of the deformation field suggests that the creep is confined to the upper few hundred meters. This creep is similar to shallow creep induced by other major earthquakes (18) . Although the Garlock fault has been seismically quiescent during the historic period, it has hosted numerous large earthquakes during the previous several thousand years (19) . However, previous geodetic measurements have shown no measurable creep on the Garlock fault (20) .
Discussion
Most of our knowledge about the structural architecture of fault zones comes from observations made on the surface, which consist primarily of geological mapping of faults and geodetic observations of coseismic deformation. At depth, our understanding of properties such as the geometry of fault zones is far less complete, with most evidence suggesting a general tendency for structural complications like damage zones to localize and simplify with depth (21) . For the Ridgecrest earthquakes, we find that nearly every aspect of the surface geometry persists at depth, including the bifurcation of the M w 7.1 rupture to the southeast, the horsetail faulting Ross at the northwest terminus, the multiple segments that ruptured during the M w 6.4 rupture, and the rampant orthogonal faulting. Below a 6-km depth, the main faults that ruptured during the M w 7.1 event may become slightly more planar. The smaller orthogonal faults produced events primarily with M of <3, whereas events with M of >3 are mostly associated with the largest structures ( fig.  S15) . These results show that precisely relocated seismicity catalogs are of sufficient resolution to constrain fault geometry and even some aspects of the rupture process at depth. Orthogonal faulting occurring over a large region, at multiple length scales, implies that this is a primary characteristic of this fault zone. The smallest of these structures, having a length of 1 km or less, are probably being slowly generated as part of the ongoing formation of this young fault zone. Assuming a Mohr-Coulomb failure criterion, if two orthogonal planes are equally favorable, then the coefficient of friction must be close to zero, implying that the rocks are held together by cohesive strength alone (22) . Alternatively, numerical studies have shown that cross-faults can be produced as a dynamic rupture effect near rupture edges (23) . If a fault zone has widespread cross-faulting, the geometry could have a major influence on the earthquake rupture process, because at any point in time there will be many potential pathways to sustain the rupture propagation, thereby facilitating the occurrence of multifault ruptures.
The Ridgecrest sequence has many similarities with the 1987 Superstition Hills sequence (24) , which also exhibited prominent orthogonal faulting and had an M w 6.2 foreshock followed by a M w 6.6 mainshock. In that sequence, the two largest events formed an L-shaped geometry, similar to the faults that ruptured during the Ridgecrest M w 6.4 event. More generally, however, orthogonal faulting is present across much of southern California as well as Japan (25) (26) (27) (28) and was also prominent in the 2012 Indian Ocean sequence (29) .
The highly segmented nature of the Ridgecrest earthquakes suggests that the rupture process during these events could be more of a cascading phenomenon than a single continuous rupture front propagating along a fault. This behavior would depend at least partly on whether the faults are physically connected at depth. In a cascading rupture process, estimates of the average rupture velocity could be biased because the time of slip initiation for each segment is not a smoothly varying function of space and time. More important, however, is that the physics of the rupture process is entirely different in a cascading model, with ruptures potentially being modulated or driven by the seismic waves.
In the Ridgecrest sequence, at least 20 faults with a length of~2 km or larger ruptured, with countless smaller faults that likely slipped too. Many of these ruptured the surface, while others are only visible at depth. The Ridgecrest earthquakes are the latest large crustal earthquakes to exhibit multifault ruptures (1-5), which several decades ago were viewed as unlikely or outright impossible (1) . Today, with the available resolution, this phenomenon appears to be more common than not. The persistence of multifault ruptures indicates that the Ross of how faults are defined should be revisited. Magnitude estimates of historical earthquakes from paleoseismology could therefore be biased downward for many such multifault ruptures, while also exposing the potential for incorrectly splitting a single complex rupture into multiple smaller ones. As Fig. 1 shows, although the San Andreas fault may be the single largest source of hazard in southern California, nearly all large earthquakes since the 1906 San Francisco earthquake, over a century ago, have not occurred on the San Andreas fault, and many have been complex multifault ruptures.
Conclusions
The 2019 Ridgecrest sequence brought to an end the long earthquake silence in California. These events occurred within an immature fault zone and activated many orthogonal structures with lengths ranging from 1 km to more than 10 km. The largest events each ruptured multiple faults, a characteristic that has been repeatedly observed for large crustal earthquakes in recent years. Such scenarios are difficult to forecast for seismic hazard assessment. The rupture of the Ridgecrest mainshock terminated only a few kilometers from the Garlock fault, yet only aseismic creep was triggered at the closest section of the fault. Far to the southwest, a sizable swarm ensued, whereas triggered seismic activity on the entire eastern portion of the Garlock fault was negligible. At such close proximity to the mainshock rupture, the stress changes imparted by the mainshock are substantial. The last major earthquake occurred~400 to 500 years ago (30) . Future investigations that integrate the observed phenomena on the Garlock fault with geologic and geodetic observations will be important for understanding its contribution to seismic hazard in the Eastern California shear zone.
